In this article, we report complementation of the genetic growth factors, in dexamethasone-containing medium, or defect of isolated Gunn rat hepatocytes by a highly efficient when serum was present during plating. Our data are conmethod for lipofection. Transfections were performed 24 h sistent with the assumption that a mitotic event is required after plating by using the cationic liposome DOTAP. On for efficient lipofection. Bilirubin conjugation activity could average, transfection efficiencies of 21% lacZ + cells with be detected in microsomes from Gunn rat hepatocytes Wag/Rij rat cells and 27% lacZ + cells with Gunn rat cells after transfection with two different B-UDPGT expression could be obtained when the parenchymal cells were transconstructs. Highest conjugation activity was achieved with fected in a hormone-defined, serum-free medium. LacZ a vector containing a terminal intron. With this construct on expression vectors with the CMV promoter were more average 4% of the bilirubin conjugation activity of normal effective than constructs containing the RSV or the TK prohuman liver microsomes could be achieved in total micromoter. A linear relationship between the viability of hepatosomes of transfected Gunn rat hepatocytes. The implicytes after isolation and the percentage of lacZ + cells was cations of our data for gene therapy of hepatic disease with observed with both rat strains, with a maximum of 40% nonviral vectors, in particular bilirubin conjugation lacZ + cells at a viability of 94%. The transfection deficiency (Crigler-Najjar disease) are discussed. efficiencies were significantly lower in the absence of
In this article, we report complementation of the genetic growth factors, in dexamethasone-containing medium, or defect of isolated Gunn rat hepatocytes by a highly efficient when serum was present during plating. Our data are conmethod for lipofection. Transfections were performed 24 h sistent with the assumption that a mitotic event is required after plating by using the cationic liposome DOTAP. On for efficient lipofection. Bilirubin conjugation activity could average, transfection efficiencies of 21% lacZ + cells with be detected in microsomes from Gunn rat hepatocytes Wag/Rij rat cells and 27% lacZ + cells with Gunn rat cells after transfection with two different B-UDPGT expression could be obtained when the parenchymal cells were transconstructs. Highest conjugation activity was achieved with fected in a hormone-defined, serum-free medium. LacZ a vector containing a terminal intron. With this construct on expression vectors with the CMV promoter were more average 4% of the bilirubin conjugation activity of normal effective than constructs containing the RSV or the TK prohuman liver microsomes could be achieved in total micromoter. A linear relationship between the viability of hepatosomes of transfected Gunn rat hepatocytes. The implicytes after isolation and the percentage of lacZ + cells was cations of our data for gene therapy of hepatic disease with observed with both rat strains, with a maximum of 40% nonviral vectors, in particular bilirubin conjugation lacZ Introduction involved, which is expressed in the parenchymal cells of The liver is involved in a number of inherited metabolic the liver. Since all other pathways required for bilirubin disorders, including familial hypercholesterolemia and metabolism are functional in the patients, this opens the haemophilia.
1,2 Therefore, much effort is invested in possibility for gene therapy as an alternative treatment. developing viral and nonviral gene transfer systems for
The gene has been cloned and the cDNA is available for hepatocytes. We are involved in the study of gene thervector construction. 7, 8 Liver parenchymal cells are the apy protocols for Crigler-Najjar disease (CN), which is most obvious target for the delivery, but other cells might characterized by a persistent unconjugated hyperbilirubialso be possible. 9, 10 One attractive feature of studying nemia. 3 Glucuronidation by the bilirubin-UDP-depenCrigler-Najjar disease is the fact that an animal model dent glucuronosyl transferase (B-UDPGT, in particular for CN type I, the Gunn rat, exists. 11 Glucuronidation of HuBr1) is required for the secretion of bilirubin into the bilirubin after retroviral infection of primary 10 and bile. In CN patients the enzyme is either inactive (CN immortalized 12 Gunn rat hepatocytes containing the type I) or it shows severely reduced activity (CN type HuBr1 cDNA has been shown by several investigators. II). [4] [5] [6] The high plasma level of unconjugated bilirubin With adenoviral vectors, in vivo complementation experileads to jaundice and kernicterus. Current treatment is ments were performed, showing that the expression of phototherapy (CN type I) and the administration of the cDNA is sufficient for a decrease of plasma bilirubin phenobarbital (CN type II). Despite intensive and cumand the increase of bilirubin conjugation products in the bersome phototherapy, CN type I remains a disorder bile. [13] [14] [15] These experiments suggest that gene therapy for with high morbidity and mortality. Liver transplantation
Crigler-Najjar disease is feasible. is an effective alternative, but the number of donor For the development of gene therapy protocols for CN, organs is limited and it requires life-long immune supwe decided to test plasmid transfections with cationic pression. The phenotype of the patients is due to liposomes. This method has several theoretical advantages over viral systems. So far, no immunogenic effects of liposome-DNA complexes have been described. There including locus control regions, possible. Recombination shown.
Results
cytes immediately after isolation and the transfection Transfection of rat hepatocytes efficiency ( Figure 1 ). If the viability of hepatocytes after Twenty-four hours after plating, isolated hepatocytes the isolation was higher than 90%, the transfection were transfected with the cationic liposome DOTAP. The efficiency increased up to 37% with Wag-Rij rat hepato-␤-galactosidase gene (lacZ) was used as marker gene. The cytes and 40% with the Gunn rat hepatocytes. Low highest percentage of lacZ-positive (lacZ + ) hepatocytes viabilities of parenchymal cells after the isolation procould be observed 48 h after transfection under all concedure are associated with considerably fewer lacZ + cells ditions tested. Initially, freshly isolated hepatocytes were ( Figure 1 ). With hepatocytes from Wag-Rij rats an averplated in medium containing 10% fetal calf serum (FCS) age of 21% (±7%) lacZ + cells could be observed (Figure 1 ). for 4 h, in order to improve the attachment of the cells,
The transfection efficiencies obtained with Gunn rat before the medium was changed to serum-free medium hepatocytes were comparable to those observed with (HDM). Under these conditions, the number of lacZ + cells hepatocytes from Wag-Rij rats (mean: 27% ± 11.6 lacZ + was less than 2% in transfection experiments (Table 1) . cells). It should be noted that in all our experiments the However, if hepatocytes were plated in serum-free number of viable hepatocytes plated and the cell density medium, many more lacZ + cells were observed upon at the moment of transfection were constant. The transtransfection with DOTAP (Table 1) . Under these confection efficiency therefore appears to be related to the ditions, lacZ expression constructs with a CMV promoter presence of different amounts of nonviable cells during yielded higher percentages of lacZ + cells than similar conthe first hours after plating. These data show that under structs with the TK or RSV promoter ( Table 2) . Hepatooptimal conditions Gunn rat hepatocytes can be transcytes cultured and transfected in HDM showed normal fected quite efficiently with the cationic liposome morphology (Figure 1a and b) , 98% of the cells were DOTAP. hepatocytes as confirmed by standard histological stainings (PAS and NADH, not shown).
The effect of growth factors on transfection efficiency With both normal and Gunn rat hepatocytes, we found
We investigated the influence of growth factors and hora clear correlation between the viability of the hepatomones on transfection efficiencies in the HDM medium. Under optimal culture conditions, ie complete HDM, 34% of the hepatocytes stained blue ( Table 3 ). The absence of only one of the growth factors did not significantly were plated in medium containing 10% fetal calf serum, after cells (Table 3) . This is not consistent with the assumption attachment of the cells (4-6 h) medium was replaced with HDM.
that DNA, once delivered to the cytoplasm, has immedi-HDM: cells were plated and cultured in hormone-defined ate access to the nucleus. We have recently reported that medium; DIM: dexamethasone/insulin medium (see Materials mitotic cells are transfected much more efficiently than and methods for composition of the media).
nonmitotic cells. 17 This is caused by the fact that the
Figure 1 Transfection of primary rat hepatocytes. LacZ staining of primary Gunn rat hepatocytes 48 h after transfection with pCMVLacZ. Comparison of the transfection efficiencies in HDM medium (a and b) and DIM medium (c and d). A representative overview (a, c) and a detail (b, d) are shown. The hepatocytes are counterstained with PonceauxS. Magnification: (a) × 190; (b) × 520; (c) × 120; (d) × 440.
in the literature ( Figure 2 , Table 1 ). The percentage of The percentage of mononuclear cells (1n), dinuclear cells (2n) and total population (1n+2n) that were successfully transfected (lacZ + ). 5 × 10 5 Cells were plated in the different media. The experiment was done in duplicate and the number of lacZ + cells was determined as described in Table 1 . The ratio of 1n and 2n cells in the total population (1n/2n) is given at the time of lacZ staining, shortly after isolation the ratio is 50/50. HDM, hormone-defined medium as described; insulin, HDM with only insulin; glucagon, HDM with only glucagon; EGF, HDM with only EGF; -, HDM without EGF, glucagon and insulin.
nuclear membrane is a serious obstacle for plasmid molecules. [17] [18] [19] The effect of growth factors on transfection efficiency can be explained by mitosis of mono- plus insulin-containing medium (DIM) that is often used could be observed almost exclusively in such multihuman growth hormone gene. In contrast, the pCBGTi plasmid has a terminal SV40-derived intron plus terminnucleated cells (Figure 1c and d) . Also this observation suggests a correlation between nuclear division and ation site (Figure 3b ). Both vectors contain a SV40 origin of replication that is active in COS cells, but not in hepatransfection. 17 tocytes. Gunn rat hepatocytes were transfected under optimal culture conditions with DOTAP in HDM. In all Complementation of the metabolic defect in Gunn rat hepatocytes experiments cotransfections with the pCMVLacZ vector were performed in order to determine the number of For the gene transfer experiments into Gunn rat hepatocytes, two different expression constructs encoding the transfected cells. Forty-eight hours later, microsomes were isolated and the bilirubin conjugation activity was human bilirubin UDP-glucuronosyltransferase were tested: pCBGT and pCBGTi (Figure 3) . Both vectors contested in vitro. The conjugation products were analyzed by reverse phase HPLC. The formation of bilirubin glucutain a promoter from the cytomegalovirus (CMV), which is expressed in many types of eukaryotic cells including ronides was proportional to the protein concentration in the assay mixture and to the duration of incubation (not hepatocytes. The pCBGT (Figure 3a) has a translational enhancer sequence 20 in the 5Ј untranslated sequence of shown). Microsomes from transfected cells were compared with human liver microsomes. Bilirubin monothe mRNA. The expression cassette contains no intron and uses a transcription terminator derived from the and di-conjugates could be observed after an incubation time of 6 h with human liver microsomes (Figure 4b and c). Microsomes of Gunn rat hepatocytes tranfected with the pCMVLacZ plasmid alone showed no activity ( Figure 4a , n = 8), whereas cells transfected with the two B-UDPGT expression constructs produced mono-and diconjugates ( Figure 4d and e, Table 4 ). Cells transfected with the vector pCBGT had a three-to four-fold lower activity than cells transfected with pCBGTi (Table 4 , n = 2). This observation could be confirmed by transfection of COS cells with the same expression plasmids (Table 4 , n = 3). We conclude that pCBGT is significantly less active than pCBGTi, despite its translational enhancer. It seems most likely, therefore, that the presence of an intron in pCBTi is responsible for the difference in activity between the two constructs. Assuming that the transfection efficiency for the pCMVLacZ vector and the B-UDPGT constructs is comparable, we can calculate the activity of microsomes from cells that were successfully transfected (Table 4 , data in parentheses).
With the pCBGTi vector we observed on average 4% of the enzyme activity of normal human liver microsomes in total microsomes from transfected Gunn rat cells (Table 4 ). Since the conjugation activity is linearly related to the amount of microsomal protein in our assay, we can calculate that at 100% transfection efficiency we would expect about 18% of normal human activity. These data show that complementation with plasmid-based vectors to physiological levels of UDPGT is possible in Gunn rat hepatocytes.
Discussion
In this article we describe a highly efficient and reliable transfection protocol for adult primary rat hepatocytes by using the cationic liposome DOTAP as a vehicle. We found that a number of factors determine transfection efficiencies for adult hepatocytes in vitro. High transfection efficiencies are dependent on the viability of cells after isolation (Figure 1 ), the composition of the culture Figure 3 The B-UDPGT expression constructs. The pCBGT and the medium (Tables 1 and 3 ), the choice of the promoter pCBGTi constructs were generated as described in the Materials and (Table 2 ) and the use of an intron in the gene construct
methods. They both express B-UDPGT cDNA from the major immediateearly gene promoter of the human cytomegalovirus (PCMV). Both plas-
( Figure 4 , there is a species-specific difference in the percentage of Table 4 .
Figure 4 Bilirubin conjugation activity of microsomes. HPLC analysis of bilirubin conjugation products synthetized by microsomes isolated from transfected Gunn rat hepatocytes (a, d and e) and normal human liver microsomes (b and c). (a) 100 g of microsomes from Gunn rat hepatocytes transfected with control plasmid (pCMV-LacZ). (b) 1 g of human liver microsomes. (c) 50 g of human liver microsomes. (d) 100 g microsomes from Gunn rat hepatocytes transfected with pCBGTi. (e) pCBGT transfected cells. Peak I: unconjugated bilirubin; peak II: internal standard; peak III: bilirubin monoconjugates; peak IV: bilirubin di-conjugates. A quantitative analysis of the data is given in
positive cells observed. 22 To our knowledge, the percentcorrelation between transfection efficiency and mitotic activity observed previously with immortalized cell age of primary adult rat hepatocytes transfected in vitro that we observed is the highest reported so far.
lines. 17 Our data suggest that the same is true for primary hepatocytes in culture. First, in complete HDM or in the We tested three different promoters for their expression in primary hepatocytes ( Table 2 ). The CMV presence of high concentrations of glucagon more mononuclear than dinuclear cells are transfected (Table 3 ). This promoter gave the highest number of lacZ + cells. This is in agreement with results obtained by Jarnagin et al. 21 observation is in agreement with our conclusion that DNA does not readily penetrate the nuclear membrane. They evaluated the activity of different promoters on CAT activity after transfection into rat hepatocytes and Second, in DIM medium the transgene is expressed preferentially by multinucleated cells (Figure 1 ), which are documented that the CMV promoter gave the highest CAT activities.
absent from the original population. Finally, the presence of known mitogens increases the transfection efficiency We and others have reported previously that the transport of plasmid DNA into the nucleus is the limiting (Table 3) . We suggest that for transfection of hepatocytes with plasmid vectors a mitotic event is required, which factor in transfection. [17] [18] [19] This explains the strong to the observation that adult hepatocytes do not go into require intensive therapy has been described. 27 Therefore, in Gunn rats transfected in vivo with a receptor-mediated delivery system, when the animals were treated systemically with colchicine. Although this result clearly indicates that complementation by nonviral gene delivery is feasible in this system, it is also evident that more effecmay or may not be followed by a cell division in the case of primary hepatocytes. Adult hepatocytes in primary tive and safe delivery systems, as well as more powerful and stable expression vectors are necessary for clinical culture can perform a mitosis without cell division or DNA synthesis or alternatively perform a cell division benefit. Our present in vitro transfection data and previous data 17 suggest that stimulating the proliferation of without a mitosis depending on culture conditions. The effect of insulin, EGF and glucagon on hepatocytes in prithe target organ could be useful for nonviral gene transfer. This has recently been described for in vivo infection mary culture is complex. Neonatal hepatocytes generally show more mitotic activity in response to growth factors with retroviruses.
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Transfection in culture of hepatocytes obtained by parthan adult cells. 24 Hepatocytes from adult animals plated at high density can be stimulated by EGF and insulin to tial hepatectomy, followed by autologous transplantation is a possible alternative to in vivo delivery of DNA. Howgo into S-phase with no evidence of mitotic activity. 24 In contrast, it was observed that adult cells plated at low ever, this approach requires stable expression of the transgene, since repeated partial hepatectomy is not a density are stimulated to perform mitosis by EGF and insulin. 25 In conclusion, a combination of EGF, insulin clinical option. For this procedure more sophisticated, replicating or integrating, plasmid-based vectors will and glucagon is known to be mitogenic for adult hepatocytes in culture depending on the plating conditions. This have to be developed. But foremost, a very efficient transfection and transplantation method is needed, since the would explain the relatively high transfection efficiency that we observed in medium with these growth factors.
number of cells that can be harvested, transfected and transplanted is limited. The transfection protocol that we That glucagon alone (2 × 10 −6 mol/l) is equally effective (Table 3 ) may relate to the fact that glucagon at high conhave designed can achieve an efficiency that seems near to what is theoretically possible. In addition, we have centrations (Ͼ10 −8 mol/l) is a strong mitogen in neonatal hepatocytes. 26 In support of our interpretation it was developed methods for harvesting hepatocytes with a recovery of more than 70% viable cells (Wilke et al, reported that lipotransfection of adult hepatocytes is improved if the cells are isolated from a partially hepatecunpublished data). In rats, up to 10 8 cells, which is about 10% of the total number of hepatocytes, can be successtomized liver, 23 a treatment known to cause a strong mitotic response in vivo.
fully transplanted. The maximum number of cells that can be transplanted in humans is not known, but is probWhy the presence of serum or nonviable cells during the first hours after plating has a negative effect on transably not much higher. This means that with our current technology we would achieve less than about 1% of norfection efficiency (Figure 1, Table 1 ) remains to be established. Possibly, the presence of serum and matrix mal B-UDPGT activity after a 20% hepatectomy. It seems that further improvement of the available components prevents a mitotic response through interaction with cell surface receptors. This might be related expression vectors could bring us into the range of clinical benefit. The results of this study show that the liposome complex was applied to the cells in fresh medium. After 12-16 h the culture medium was replaced introduction of intron sequences can lead to higher expression levels of B-UDPGT (Table 4 ). This was with fresh medium. observed previously for other cDNA sequences. 30, 31 It has been suggested that some introns contain sequence
Marker gene plasmid expression and vector construction elements that are required for efficient nuclear export of mRNA. 31 Although the Gunn rat is a very useful tool for For the lacZ expression experiments the pCMVLacZ vector encoding the bacterial ␤-galactosidase with a nuclear initial testing of vectors and delivery systems, subtle differences between human and rat hepatocytes with regard localization signal was used. 36 Two expression vectors were constructed for the B-UDPGT complementation to RNA and protein processing may exist. It will therefore be important to confirm vector performance in cells experiments. Both plasmids contain the promoter from the cytomegalovirus (CMV). One construct has an intron from Crigler-Najjar patients. To develop expression vectors with the desired properties we are currently making sequence. For the cloning of the B-UDPGT expression plasmids the human B-UDPGT cDNA 8 (kindly provided a novel generation of replicating vectors containing genomic elements.
by Dr P Bosma, AMC, Amsterdam, The Netherlands) has been isolated from the pSVK3 expression vector (Pharmacia, Rosendaal, The Netherlands). When trans-
Materials and methods
fected to Cos-1 cells the pSVK3-B-UGT1 plasmid produces a protein with the predicted molecular weight, Isolation of primary hepatocytes enzymatic activity and affinity to a monoclonal antibody Primary hepatocytes were isolated from adult Wag-Rij against human B-UDPGT. 8 The plasmid was digested or Gunn rats (weight, 180-220 g) by using a two-step in with NotI, blunted, and a ClaI linker was introduced at situ perfusion protocol. 32 Livers were perfused with an the 5′ site of the cDNA. Subsequently, the cDNA could oxygenated calcium-free buffer 33 followed by recircube cloned into the pCMV4 vector 20 digested with ClaI and lation with collagenase B (500 g/ml; Boehringer HindIII, resulting in the pCBGT plasmid. For the conMannheim, Almere, The Netherlands) for 20-25 min. As struct containing a terminal SV40-derived intron, the Bsoon as the cells detached from the capsule of Glisson, UDPGT cDNA was isolated from the pCMV-B-UDPGT the perfusion was stopped and the liver was removed.
as a BamHI-BglII fragment, and cloned into the BamHI The hepatocytes were filtered through a 100 m mesh in site of the pcDNA1/Amp plasmid (Invitrogen, Leek, The order to obtain a single-cell suspension. Hepatocytes Netherlands). The vector was named pCBGTi. Western were recovered by low speed (50 g) centrifugation and blot analysis of microsomes and immunocytochemical resuspended in William's E medium (Gibco/BRL, Breda, analysis of COS cells transfected with pCBDT plasmid The Netherlands). Viability of the cells was determined confirmed the production of B-UDPGT antigen (C Bakker by trypan-blue exclusion.
and M Wilke, unpublished data).
Cell culture of primary rat hepatocytes Detection of marker gene expression Primary hepatocytes were plated on collagen-(type IV;
For the determination of ␤-galactosidase positive cells Sigma, Zwijndrecht, The Netherlands) coated culture di-(lacZ + ) the hepatocytes were fixed with 2% paraformalshes at a density of 0.5 × 10 4 viable cells per cm 2 . The cells dehyde for 5-10 min, 48 h after transfection and incuwere cultured in HDM without serum as described by bated with X-gal (staining solution: 5 mM ferricyanide, Enat et al but without prolactin. 34 (HDM: EGF (50 ng/ml; 5 mM ferrocyanide, 2 mM MgCl 2 /X-gal 1 mg/ml) as Sigma), glucagon (10 g/ml; NovNordisk, Zouterwoude, described by Sanes et al.
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The Netherlands), insulin (10 g/ml; Sigma), sodium selenite (519 ng/ml; Sigma), linoleic acid (5 g/ml; BoehrBilirubin UDP-glucuronosyltransferase activity inger Mannheim), somatotropine (10 U/ml; Sigma), and Microsomes of transfected Gunn rat hepatocytes were penicillin plus streptomycin (100 U/ml; 100 g/ml;
isolated and resuspended in a storage solution containing Gibco/BRL)). After attachment of the viable cells, nonvi-50 mM Hepes, pH 7.8, 2 mM EDTA, 20% glycerol and stored able cells were removed by changing the medium. This at −20°C until use. 5 Human liver microsomes were isolated procedure resulted in a constant cell density at the time according to standard procedures, resuspended and stored of transfection. In some experiments a dexamethasone as described above. 38 and insulin-containing medium was used (DIM: WilFor the activity assay, the microsomes were incubated in liam's E medium, containing insulin (774 ng/ml) and a mixture of 50 mM Tris pH 7.8, 5 mM MgCl 2 , 1 mM 1,4 sachdexamethasone (20 ng/ml; Sigma)). 35 aro-lactone (Sigma), 75 M bilirubin (Sigma), 3.5 mM uridine-diphosphate glucoronic acid (Boehringer, Mannheim, Germany) and 2.5 g/l dioleoyl-phosphatidylcholine vesicles Transfection of hepatocytes One day after plating the hepatocytes were transfected.
(Avanti Polar Lipids, Birmingham, AL, USA) in a total volume of 400 l at 37°C in the dark under nitrogen for 6 h. Unless indicated otherwise the transfection experiments were performed in HDM, as described above. For trans-
The reaction was stopped by extraction of bilirubin and glucuronides with chloroform-methanol (1:1 v/v). The samples fections, the cationic liposome DOTAP (Boehringer, Mannheim, Germany) was used. The DNA:DOTAP ratio were analyzed by reverse-phase high performance liquid chromatography (HPLC; Waters, Etten-Leur, The was 1:6. In total 2 g DNA per 5 × 10 5 cells were used for transfection. The DNA was diluted to 20 g/ml in isoNetherlands). 39 In an alternative protocol, the reaction products were transformed to methyl esthers to improve recovtonic Hepes-buffered saline (HBS) and the appropriate amount of DOTAP was added to the mixture. After an ery and separation of the products. This was done by incubation of the microsome reaction mixtures with 6 ml incubation of 10 min at room temperature the DNA-
